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Keeping continuity with our previous study that revealed
direct correlations between CRC metastasis and en-
hanced CacyBP protein levels, here we attempt to im-
prove our understanding of the mechanisms involved
within this enigmatic process. Overexpression of CacyBP
(CacyBP-OE) in primary CRC cell and its knock down
(CacyBP-KD) in the metastatic CRC cells revealed
(through phenotypic studies) the positive impact of the
protein on metastasis. Additionally, two individual 4-plex
iTRAQ based comparative proteomics experiments were
carried out on the CacyBP-OE and CacyBP-KD cells, each
with two biological replicates. Mining of proteomics data
identified total 279 (63.80% up-regulated and 36.20%
down-regulated) proteins to be significantly altered in ex-
pression level for the OE set and in the KD set, this
number was 328 (48.78% up-regulated and 51.22% down-
regulated). Functional implications of these significantly
regulated proteins were related to metastatic phenotypes
such as cell migration, invasion, adhesion and prolifera-
tion. Gene ontology analysis identified integrin signaling
as the topmost network regulated within CacyBP-OE. Fur-
ther detection of caveolar mediated endocytosis in the
top hit list correlated this phenomenon with the dissoci-
ation of integrins from the focal adhesion complex which
are known to provide the traction force for cell movement
when transported back to the leading edge. This finding
was further supported by the data obtained from CacyBP-
KD data set showing down-regulation of proteins neces-
sary for integrin endocytosis. Furthermore, intracellular
calcium levels (known to influence integrin mediated cell
migration) were found to be lowered in CacyBP-KD cells
indicating decreased cell motility and vice versa for the
CacyBP-OE cells. Actin nucleation by ARP-WASP com-
plex, known to promote cell migration, was also identified
as one of the top regulated pathways in CacyBP-OE cells.

In short, this study presents CacyBP as a promising can-
didate biomarker for CRC metastasis and also sheds light
on the underlying molecular mechanism by which CacyBP
promotes CRC metastasis. Molecular & Cellular Pro-
teomics 12: 10.1074/mcp.M112.023085, 1865–1880, 2013.

Calcyclin-binding protein or CacyBP was identified as one
of the potential candidate biomarkers for colorectal cancer
(CRC)1 metastasis, in our previous study (1). This 30 kDa
protein was first discovered as a binding partner of S100A6
(calcyclin) in Ehrlich ascites tumor cells from mouse brain (2)
and was found to interact with S100A6 in a calcium depend-
ent manner (3). Brain, liver, spleen, and stomach were the
major organs of its distribution (4). In 2001, Matsuzawa et al.
showed that, CacyBP is involved in a novel pathway for
�-catenin degradation (5), suggesting a possible involvement
of CacyBP in tumorigenesis, thereby opening up new direc-
tions for oncogenic research. Initially it was thought to be
involved in multiple drug resistance (6, 7) associated with
cancer therapy and was subsequently studied for its role
in cell proliferation, tumorigenicity and invasion (8, 9) in gastric
cancer cells. CacyBP was known to inhibit growth in gastric
cancer and renal cell carcinoma (9, 10) and was also associ-
ated with clinical progression in breast cancer (11). However,
these studies did not provide thorough knowledge on mech-
anistic involvement of CacyBP in corresponding biological
processes. With respect to CRC research, this protein was
only studied for its expression level in various stages of CRC
and was known to undergo calcium dependent nuclear trans-
location (12). Recently we discovered that increased cellular
level of CacyBP was associated with CRC metastasis (1) and
our present study aims to investigate its underlying molecular
mechanisms.
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Considering our earlier finding, which correlates higher
CacyBP levels with CRC metastasis, we have performed sta-
ble overexpression of CacyBP (CacyBP OE) on primary CRC
cell HCT116 and stable knockdown of the same (CacyBP KD)
on metastatic CRC cell SW620. Two nonisogenic cell lines
were chosen to perform gene knock-in and knock-down stud-
ies for better representation of data to address the highly
heterogenic behavior of clinical CRC. Cell migration, invasion,
adhesion, and proliferation assays performed on these mod-
ified cells as a representation of their metastatic signature
verified the hypothesis that CacyBP overexpression on pri-
mary cells will induce metastatic nature whereas its knock-
down on metastatic cells will reduce it. Mechanistic investi-
gation on this phenomenon was carried out by two individual
proteomics (4-plex iTRAQ) experiments of the whole cell pro-
teome from CacyBP-OE and CacyBP-KD cells. Beside the
alterations in expression levels of proteins associated with cell
migration, adhesion, proliferation, and invasion; integrin sig-
naling, caveolar mediated endocytosis, and Actin nucleation
by ARP-WASP complex were identified among the top hits of
canonical pathways affected because of CacyBP-OE as pre-
dicted from the gene ontology analyses. Actin nucleation and
polymerization is required for cell migration (13, 14) and in-
tegrin endocytosis is known to be directly associated with
promotion of cell migration (15–17). An enhancement in both
of these phenomena on CacyBP-OE suggested a possible
mechanism behind CacyBP mediated CRC metastasis and
this fact was further supported by our knockdown iTRAQ
results. In addition, the fact that integrin endocytosis and cell
migration process is affected by calcium sensing receptors
(18, 19), was a valid reason to investigate the intracellular
calcium levels in normal and modified CRC cells from different
metastatic potentials that showed a reduction in intracellular
Ca2� on CacyBP-KD and an increase after CayBP-OE. Vali-
dation of proteins involved in integrin endocytosis was carried
out from both OE and KD data set. In this study we demon-
strate that CacyBP causes CRC cells to become more met-
astatic by enhancing cell migration and also propose possible
mechanisms based on the proteomics results. This is the first
study to report the molecular phenomenon observed in CRC
metastasis and also present CacyBP as one of the promising
candidate biomarkers thus opening up new windows for clin-
ical research in CRC metastasis.

EXPERIMENTAL PROCEDURES

Generation of CacyBP Overexpression Construct—Full-length cDNA
encoding human CacyBP/SIP was generated from CRC SW620 cells by
RT-PCR. The specific primers for CacyBP/SIP were 5� CCCAAGCTT-
GATATGGCTTCAGAAGAGCTA 3� (sense) and 5� CGGGATCCT-
CAAAATTCCGTGTCTCCTTTG 3� (antisense) (8). The PCR product was
cloned into pcDNA3.1(�) vector by restriction digestion at BamHI and
HindIII sites followed by ligation reaction using T4DNA ligase (New
England Biolabs, Ipswich, MA) to achieve the overexpression construct,
pcDNA3.1(�) -CacyBP.

Generation of CacyBP- Knock-down Construct—The construct for
CacyBP knock-down was purchased commercially from Origene

(Rockville, MD). The gene specific shRNA sequence used for our
study was GATGGAGACGATGATATGAAGCGAACCAT cloned into a
shRNA expression vector named pGFP-V-RS.

Cell Transfection and Generation of Stable Cell Lines with CacyBP
Overexpression and Knock-down—For generation of stable primary
CRC cell line overexpressing CacyBP protein, HCT116 (Primary CRC
cell line) was seeded in a 24-well plate with 2.4 � 105 cells per well.
The CacyBP sense vector [pcDNA3.1(�) -CacyBP] was cotransfected
with Lipofectamine 2000 (Invitrogen) into HCT116 cells for 24 h and
clones for stable overexpression were selected after 15 days of
screening with G418 sulfate (800 �g/ml). Similar treatment was car-
ried out with empty pcDNA3.1(�) vector separately, to create corre-
sponding control cell line. The control and CacyBP overexpressed
cells will be referred as HCT116-Control and HCT116-CacyBP OE
respectively.

For generation of stable metastatic CRC cell line with CacyBP
knock-down, SW620 (metastatic CRC cell line) was seeded in a
24-well plate with 2.4 � 105 per well. The CacyBP ShRNA vector
[pGFP-V-RS -Sh CacyBP] was cotransfected with Lipofectamine
2000 (Invitrogen) into SW620 cells for 24 h and clones for stable
knock-down were selected after 12 days of screening with puromycin
(0.8 �g/ml). Similar treatment was performed for generation of corre-
sponding control cell lines where transfection was carried out using
pGFP-V-RS vector with noneffective sequence henceforth referred to
as “pGFP-V-RS- Scramble.”. The control and CacyBP knocked down
cells will be referred as SW620-Scr Control and SW620-CacyBP KD
respectively.

Validation of Stable Transfection by Western Blot and Immuno-
fluorescence—

Western Blot Analysis—Western blot analyses for the validation of
protein expression level, were carried out as described previously (1).
Primary antibody used included mouse anti- CacyBP/SIP antibody
(diluted 1:30,000; Santa Cruz Biotechnology, Santa Cruz, CA), mouse
anti- actin (diluted 1:4,000; BD Transduction LaboratoriesTM), mouse
anti-KIF4 (diluted 1:500; Santa Cruz Biotechnology), mouse anti-
clathrin (diluted 1:500; Santa Cruz Biotechnology), mouse anti-cal-
pain (diluted 1:500; Santa Cruz Biotechnology), rabbit anti-VDAC-1
(diluted 1:500; abcam), mouse anti-nucleolin (diluted 1:2000; Santa
Cruz Biotechnology), mouse anti-annexin A2 (diluted 1:1000; Santa
Cruz Biotechnology), mouse anti-MARCKS (diluted 1:1000; Santa Cruz
Biotechnology), and secondary antibodies were peroxidase-conju-
gated goat anti-mouse Igs antibody (diluted 1:5,000; BD Pharmino-
genTM) and donkey anti- rabbit (diluted 1:5,000; Amersham Biosci-
ences). For validation of protein expression levels from iTRAQ studies,
we used two biological replicates to perform the Western blot.

Immunofluorescence Analysis—Immunofluorescence analysis was
carried out as described previously (1). HCT116-Control and
HCT116-CacyBP OE as well as SW620-Scr Control and SW620-
CacyBP KD cells were used for staining with mouse monoclonal
anti-CacyBP antibody (Santa Cruz Biotechnology; diluted 1:2000 in
1% bovine serum albumin (BSA) with PBSCM (phosphate buffered
saline with 1 mM Ca�� and 1 mM Mg��)) followed by incubation with
Alexa Fluor-555 conjugated rabbit anti-mouse IgG (Invitrogen) at
1:200 dilutions for 1 h each and mounted on glass slides with DAPI
mounting solution (Santa Cruz Biotechnology). The immunofluores-
cence was analyzed under Carl Zeiss LSM 510 Meta.

Crystal Violet Cell Proliferation Assay—HCT116-Control and
HCT116-CacyBP OE cells (10 � 103 cells per well) as well as SW620-
Scr Control and SW620-CacyBP KD (30 � 103 cells per well) were
seeded in a 24-well plate and allowed to attach overnight. After cell
attachement, obseravations were made every 24 h from 0 to 72 h.
Cells were fixed with 3% paraformaldehyde for 30 min and dried
overnight before staining with crystal violet (0.5% in 20% methanol)
for 10 min and dried overnight again. Finally cells were treated with
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1% SDS for 30 min and absorbance was measured at 520 nm against
a blank.

Adhesion Assay—Adhesion assay was performed as mentioned by
(20) with certain modifications. Briefly, precoating of 96-well plate was
performed with 10 �g/ml of fibronectin (Sigma) in PBS at 37 °C for
1 h. The wells were blocked with 0.5% BSA in culture medium and
0.1% BSA in medium was used as the washing buffer. HCT116-
Control and HCT116-CacyBP OE cells as well as SW620-Scr Control
and SW620-CacyBP KD cells were seeded as 20 � 103 cells per well
of the 96-well plate. Images of cells under bright field after adhesion
were taken using a digital compact camera (Olympus, C-7070) at-
tached to the microscope. Absorbance was measured at 550 nm after
lysing with 2% SDS.

Migration Assay—A 24-well companion plate (BD Biosciences) for
transwell inserts was used to perform the cell migration assay. Briefly,
the cell culture inserts were coated with 300 �l fibronectin at 4 °C
overnight. HCT116-Control and HCT116-CacyBP OE cells (25 � 103)
as well as SW620-Scr Control and SW620-CacyBP KD cells (40 �
103) were seeded on top of the insert with serum free media (400 �l)
whereas the well at the bottom side of the insert was filled with media
containing 10% fetal bovine serum (FBS) (500 �l). After a 48 h
incubation in a humidified incubator at 37 °C the cells from the top
part of the insert were removed using a cotton bud and the cells that
migrated to the bottom part of the insert were fixed with paraformal-
dehyde followed by staining with crystal violet. Images for five ran-
dom fields were taken and finally the absorbance was measured at
520 nm after solubilizing the dye with 1% SDS.

Invasion Assay—A 24-well companion plate (BD Biosciences) for
Matrigel™ Invasion Chambers was used to perform the cell invasion
assay. Briefly, the Matrigel™ Invasion Chambers were rehydrated
with 500 �l of serum free media at 37 °C for 2 h. HCT116-Control and
HCT116-CacyBP OE cells (25 � 103) as well as SW620-Scr Control
and SW620-CacyBP KD cells (40 � 103) were seeded on the top
chamber with serum free media (400 �l) whereas the well at the
bottom side of the chamber was filled with media containing 10%
FBS (500 �l). After 48 h incubation in a humidified incubator at 37 °C
the cells from the top part of the insert were removed using a cotton
bud and the cells that invaded through the matrigel were fixed with
paraformaldehyde followed by staining with crystal violet. Images for
five random fields were taken and finally the absorbance was meas-
ured at 520 nm after solubilizing the dye with 1% SDS.

Proteomics Sample Preparation—The samples were prepared by
heating the harvested cells at 100 °C for 10 min with a lysis buffer
containing 0.5 M triethylammonium bicarbonate (TEAB), pH 8.5 and
1% SDS with intermediate vortexing. The lysate was centrifuged at
12,500 � g for 1 h at 15 °C and the supernatant was stored at �80 °C
until further use. Protein quantitation was performed using RCDC
Protein Assay Kit (Bio-Rad); 100 �g of each sample was used for
iTRAQ labeling.

iTRAQ Labeling—Two separate iTRAQ experiments were carried
out with the CacyBP overexpression (OE) and knocked down (KD)
sets using a pair of biological replicates in each case. iTRAQ labeling
was carried out using iTRAQ Reagent 4-Plex kit (AB SCIEX) based on
the manufacturer’s protocol with minor modifications. A pair of
HCT116-Control and HCT116-CacyBP OE whole cell lysates were
labeled with iTRAQ labeling reagent 114 and 116, respectively, and
likewise another pair of biological replicates of the same samples
(whole cell lysate from another batch of culture of these two cell lines)
were labeled with 115 and 117 iTRAQ labeling reagents, respectively.
Similar labeling approach was followed for the pair of SW620-Scr
Control and SW620-CacyBP KD whole cell lysate. The iTRAQ labeling
workflow is clearly shown in Fig. 1. Briefly, the cell lysates were
reduced with tris-(2-carboxyethyl) phosphine (TCEP), alkylated with
methyl methane-thiosulfonate (MMTS), and diluted 20 times before

digesting with trypsin (w/CaCl2; Promega) with a trypsin to protein
ratio of 1:10 (w/w) at 37 °C for 16 h. The digested peptides were then
dried and reconstituted with 0.5 M TEAB. The dried peptides were
then labeled with respective isobaric tags, incubated at room tem-
perature for 1 h before being combined.

Strong Cation Exchange (SCX) Chromatography—To remove all
interfering substances such as dissolution buffer, organic solvents
(like ethanol, acetonitrile), reducing agent (TCEP), alkylating agent
(MMTS), SDS, calcium chloride, and excess iTRAQ reagents etc.,
strong cation exchange chromatography was carried out for the
combined iTRAQ-labeled peptides using the cation exchange system
provided in the iTRAQ Method Development Kit (AB SCIEX). The
eluted fraction was desalted using Sep-Pak C18 cartridges (Waters),
dried and then reconstituted with 100 �l of 5% acetonitrile and 0.05%
formic acid for 2D LC_MS/MS analysis.

2D LC Analysis and Tandem Mass Spectrometry (MS/MS)—The
first dimension peptide separation was performed using the Ultimate
LC system (Dionex-LC-Packings, Sunnyvale, CA) connected to a
strong cation-exchange (SCX) column. Ninety-six micrograms (via
multiple injections) of the labeled peptide mixture was injected using
the micro-pickup loop mode into a Zorbax Bio-SCX II column (Agilent,
SantaClara, CA). SCX mobile phase A was 5% acetonitrile (ACN) and
0.05% formic acid and mobile phase B was 5% ACN, 500 mM NaCl
and 0.05% formic acid . The flow rate was set at 10 �l/min. A total of
78 fractions were eluted (2 min each) and collected on a 96-well
v-bottom plate using step gradients of mobile B as follows: 0% for 10
min, 0–20% for next 90 min, 20–60% for next 20 min, and 60–100%
for last 10 min and continued at the same %B for another 25 min. The
eluted fractions were subsequently combined to 10 and 12 fractions
respectively for overexpression and knockdown iTRAQ batch and
then desalted with Sep-Pak® tC18 �Elution Plate (186002318, Wa-
ters Corp., Milford, MA) using a vacuum manifold (Millipore) in ac-
cordance to the manufacturer’s recommendations before second-
dimension reverse phase (RP) chromatography. From each fraction, 2
�g was trapped on a precolumn (200 �m � 0.5 mm) and then eluted
on an analytical column (75 �m � 150 mm) for separation. Both
columns were packed with Reprosil-Pur C18-AQ 3 �m 120Å phase
(Eksigent, Dublin, CA). The RP mobile phase A was 98% H2O (with
0.1% formic acid) whereas RP mobile phase B was 98% ACN (with
0.1% formic acid). The peptides were separated by a linear gradient
of 12–30% of mobile B in 90 min at a flow rate of 300 nl/min. The MS
analysis was performed using a 5600 TripleTOF analyzer (QqTOF; AB
SCIEX) in Information Dependent Mode. Precursor ions were selected
across the mass range of 400–1800 m/z using 250 ms accumulation
time per spectrum. A maximum of 20 precursors per cycle from each
MS spectra were selected for MS/MS analyses with 100 ms minimum
accumulation time for each precursor and dynamic exclusion for 15s.
Tandem mass spectrometry was recorded in high sensitivity mode
with rolling collision energy on and iTRAQ reagent collision energy
adjustment on.

Peptide and Protein Identification—Protein identification and rela-
tive iTRAQ quantification were performed with ProteinPilot™ Soft-
ware 4.2 (AB SCIEX) using the Paragon™ algorithm for the peptide
identification, which was further processed by Pro GroupTM algorithm
where isoform-specific quantification was adopted to trace the dif-
ferences between expressions of various isoforms. The Pro Group
Algorithm calculates protein ratios using only ratios from the spectra
that are distinct to each protein or protein form and thus eliminates
any masking of changes in expression because of peptides that are
shared between proteins. User defined search parameters were as
follows: (1) Sample Type: iTRAQ 4plex (Peptide Labeled); (2) Cysteine
Alkylation: MMTS; (3) Digestion: Trypsin; (4) Instrument: TripleTOF
5600; (5) Special Factors: None; (6) Species: Homo sapiens; (7) ID
Focus: Biological modifications; (8) Database: ipi.HUMAN.v3.87.fasta
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(182888 proteins searched); (9) Search Effort: Thorough; (10) FDR
Analysis: Yes; (11) User Modified Parameter Files: No. For iTRAQ
quantitation, the peptide for quantification was automatically selected
by Pro GroupTM algorithm to calculate the reporter peak area, error
factor (EF) and p value. The resulting data set was auto bias-corrected
to remove any variations imparted because of the unequal mixing
during the combination of different labeled samples. This software
counts each modified peptide as unique one. The peak areas and the
S/N ratios are extracted from the database by ProteinPilot to process
the raw data to yield quantification data.

A reverse database search strategy was adopted to estimate the
false discovery rate (FDR) for peptide identification. For both of our
iTRAQ studies, a strict unused confidence score �1.3 was used as
the qualification criteria, which corresponds to a peptide confidence
level of 95%. With this filter, the corresponding false discovery rate
(FDR � 0.0575% for the OE set and 0% for the KD set) was calculated
from the decoy hits. The results were then exported into Microsoft
Excel for manual data interpretation. Subsequently, the meaningful
cutoff for up-regulation and down-regulation of proteins was finalized
using a population statistics applied to the biological replicates as
proposed by Gan et al. (1, 21).

Bioinformatics Analysis (Gene Ontology Study)—To better appre-
ciate the data set generated, a protein list of significantly altered
proteins was uploaded into Ingenuity Pathway Analysis (IPA) software
server (http://www.ingenuity.com) and analyzed using the Core Anal-
ysis module to rank the proteins into top biological functions as well
as canonical pathways involved. The reference set and parameters for
Ingenuity Pathway Analysis (IPA) on a significantly altered protein list
was as follows: (1) Reference set, Ingenuity Knowledge Base (Genes
Only); (2) Relationship to include, Direct and Indirect; (3) Filter Sum-
mary, Consider only molecules and/or relationships where (species �
Human OR Rat OR Mouse) AND (confidence � Experimentally
Observed).

Intracellular Calcium Level Measurement—Cells were plated at low
density and incubated overnight until attachment and 60% conflu-

ence. They were washed with PBSCM and incubated with 30 �M

fluo-3AM (diluted in PBSCM) dye for 1 h. After washing out the dye
with PBSCM, a 30 min interval was allowed for intracellular de-
esterification of the dye before taking photographs with a Carl Zeiss
LSM 510 Meta.

Statistical Analysis—Statistical analyses were conducted with
GraphPad Prism 5 software. One way analysis of variance method
was used to compare between HCT116, SW480 and SW620 cells
(calcium level measurement), whereas comparison between HCT116-
Control and HCT116-CacyBP OE as well as SW620-Scr Control and
SW620-CacyBP KD (for all cell based assays) was performed using a
two-tailed unpaired t test. A p value less than 0.05 was considered as
statistically significant for each case. To verify whether the variations
of protein abundance are significant, population statistics was ap-
plied to the iTRAQ ratios from all identified proteins to determine the
meaningful fold cutoff. In short, the variation of ratios from 1 was
determined and converted to the corresponding percentage variation
and plotted against cumulative percentage coverage of data. Varia-
tion against 88% population coverage was considered as due to
random biological effects and hence the population outside this was
considered as significantly altered.

RESULTS

Our previous study (1) showed higher expression level of
CacyBP in CRC metastatic cells compared with the primary
cells and hence suggested possible involvement of this pro-
tein in the process of CRC metastasis. In present study, we
carried out gene knock-in and knock-down experiments for
CacyBP in CRC cells of different metastatic potential to in-
vestigate about the molecular mechanism through which
CacyBP affects the process of CRC metastasis. Following the
trend in expression level of CacyBP in our last proteomic
experiment, we performed overexpression (OE) on primary

FIG. 1. Schematic representation of the experimental design for iTRAQ labeling showing biological replicates. In iTRAQ1, two
biological replicates from HCT116-Control cells were labeled with 114 and 115 respectively, and from HCT116-CacyBP OE cells were labeled
with 116 and 117 respectively. In iTRAQ2, two biological replicates from SW620-Scr Control cells were labeled with 114 and 115 respectively,
and from SW620-CacyBP KD cells were labeled with 116 and 117 respectively.
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CRC cell HCT116 and knock-down (KD) on metastatic CRC
cell SW620.

Confirmation of Stable Overexpression and Knock-down of
CacyBP in CRC Cell Lines—As mentioned in the experimental
procedures, CacyBP was overexpressed in a primary CRC
cell line, HCT116 and was knocked down in a metastatic CRC
cell line, SW620. The expression level of CacyBP in HCT116-
Control versus HCT116-CacyBP OE cells as well as SW620-
Scr Control versus SW620-CacyBP KD cells were confirmed
by Western blot as well as immunofluorescence (CacyBP
staining was shown in red) studies (Fig. 2). Twenty-five pairs
of cells were considered for the quantitative analysis (fluores-
cencent intensity: area) performed by the immunofluores-
cence study. The p value for quantitation against CacyBP
staining was � 0.0001 for both OE and KD cells compared
with their corresponding control cells when calculated by
unpaired two tailed t test based on 25 observations from two
independent experiments.

CacyBP Overexpression and Knock-down Influence Cell
Proliferation—Cell proliferation was monitored in the trans-
fected cells using crystal violet staining assay that showed a
reduced proliferation rate of primary HCT116 cells after
CacyBP overexpression compared with the corresponding
control. At the same time, an increased proliferation rate was

observed on CacyBP knock-down on metastatic SW620 cells
as compared with the corresponding control cell line (Fig. 3).

CacyBP Expression has an Impact on Cellular Adhesion
Characteristics—Cellular adhesion assay on trasfected cells
using fibronectin as a coat, showed significant reduction in
adhesion characteristics in HCT116-CacyBP OE cells as
compared with HCT116-Control (Fig. 4A) whereas an increase
in adhesion characteristics was observed in SW620-CacyBP
KD cells when compared with SW620-Scr Control cells (Fig.
4B). Statistical significance for variation in cellular adhesion
characteristics was determined using unpaired two-tailed t
test between each OE/KD cells versus control cells based on
nine observations from three independent experiments. The
corresponding p values were �0.0001 for OE set and 0.007
for KD set respectively.

CacyBP Affects Cell Migration—HCT116-CacyBP OE cells
migrated significantly faster than HCT116-Control cells (Fig.
5A) when measured on a chemotaxis assay platform whereas
migration was reduced in SW620-CacyBP KD cells compared
with SW620-Scr Control cells (Fig. 5B). Statistical significance
for migration characteristics was determined using unpaired
two-tailed t test between each OE/KD cells versus control
cells based on 10 observations from three independent ex-

FIG. 2. Validation of CacyBP overexpression and knock-down. A, Western blot validation of CacyBP expression level in HCT116-Control,
HCT116-CacyBP OE, SW620-Scr Control and SW620-CacyBP KD cells. Actin was used as a loading control. B, Immunofluorescence analysis
confirming overexpression of CacyBP in HCT116-CacyBP OE cells compared with HCT116-Control and knock-down of CacyBP in SW620-
CacyBP KD cells compared with SW620-Scr Control cells. Red channel indicates CacyBP staining. C, Quantitation for fluorescent intensity for
CacyBP expression level. Data represented as mean � S.E. (n � 25) based on two independent experiments where *** indicates p � 0.0001
using two tailed unpaired t test.
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periments. The corresponding p values were 0.0029 for OE
set and 0.011 for KD set respectively.

CacyBP Influences Cell Invasion—Invasion assay per-
formed on a 24-well matrigel invasion assay chamber
showed a significant increase in invasive nature for
HCT116-CacyBP OE cells when compared with HCT116-
Control cells (Fig. 6A), whereas SW620-CacyBP KD cells

showed reduced invasion compared with SW620-Scr Con-
trol cells (Fig. 6B). Statistical significance for invasion char-
acteristics was determined using unpaired two-tailed t test
between each OE/KD cells versus control cells based on
eight observations from two independent experiments. The
corresponding p values were �0.0001 for OE set and
0.0175 for KD set respectively.

FIG. 3. Effect of CacyBP expression level on cell proliferation. A, Decrease in cellular proliferation rate was observed in HCT116-CacyBP
OE cells as compared with HCT116-Control cells. B, Increase in cellular proliferation rate was observed in SW620-CacyBP KD cells as
compared with SW620-Scr Control cells.

FIG. 4. Effect of CacyBP expression level on cellular adhesion. A, Cellular adhesion was decreased in HCT116-CacyBP OE cells
compared with HCT116-Control cells. B, Increase in cellular adhesion characteristics was observed in SW620-CacyBP KD cells as compared
with SW620-Scr Control cells. Quantitation values for cellular adhesion was presented as mean � S.E. (n � 9) based on three independent
experiments where *** indicates p � 0.0001 and ** indicates p � 0.001 using two tailed unpaired t test.
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iTRAQ Profiling of HCT116- Control Versus CacyBP OE (OE
set) and SW620-Scr Control Versus CacyBP KD (KD Set)—To
understand the global proteomic alteration caused by
CacyBP expression level change in CRC cell lines of different
metastatic potential, protein extracts from HCT116-CacyBP
OE and HCT116-Control cells (OE set) as well as SW620-
CacyBP KD and SW620-Scr Control cells (KD set) were ana-
lyzed in two individual iTRAQ experiments (Fig. 1). Results of
these two proteomics experiments were correlated to explain
molecular phenomenon involved in CRC metastatic process.
Two biological replicates for each cell line were used for
labeling however analysis of the data set was performed by
cross comparison between all four replicates (Replicate 1,
116:114; replicate 2, 117:114; replicate 3, 116:115, and rep-
licate 4, 117:115). Among all the identified proteins, those
having unused protein score �1.3 (correspond to those iden-
tified with 95% confidence against the theoretical database)
were considered for further analysis. The unused protein
score 1.3 corresponds to a 0.0575% global false discovery
rate (global FDR) for OE set and 0% global FDR for KD set.
With this filter, the iTRAQ experiment identified a total of 2335
proteins for the OE set and 2733 proteins for the KD set
(Supplemental Table S9 and S10, Supporting Information).
These identified proteins were then filtered using a population
statistic to obtain the list of significantly altered proteins. This

method aided in calculating the fold cutoff for corresponding
up- or down-regulation of proteins for an individual data set.
The variation between the average of four replicates (sample
versus control ratios) and one was calculated and converted
to the corresponding percentage variation. These percentage
variations were then plotted against the cumulative percent-
age coverage (Fig. 7) and the variation against 88% coverage
was taken into account to determine the fold cutoff consid-
ering the population outside 88% as significantly altered.
Because biological variation has the highest variation with
lower number of proteins covered when compared with tech-
nical or experimental replicates, fixing a cutoff with the bio-
logical variation enhances the certainty that the observed
protein alteration is real and thereby eliminates the need for
other types of replicates. Moreover, variation against 88%
coverage of data corresponds to the cutoff for a significant
population when biological replicates are considered, as re-
ported by Gan et al. (21). Applying this method to both of our
data sets; we observed about 44% variation for OE and 57%
variation for KD data set corresponding to 88% coverage of
data (Fig. 7). Based on this, the cutoff was fixed at 1.44-fold
(44% variation) corresponding to the iTRAQ ratio of �1.44 for
up-regulation and �0.69 (1/1.44) for down-regulation for the
OE data set. Similarly for KD data set, the up-regulation cutoff
was fixed as �1.57 and the down-regulation cut-off was fixed

FIG. 5. CacyBP affects cell migration. A, Cell migration was increased in HCT116-CacyBP OE cells compared with HCT116-Control cells.
B, Decreased cell migration was observed in SW620-CacyBP KD cells as compared with SW620-Scr Control cells. Quantitation values for cell
migration was presented as mean � S.E. (n � 10) based on three independent experiments where * indicates p � 0.05 and ** indicates p �
0.001 using two tailed unpaired t test.
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as �0.636 (1/1.57). These cut-off thresholds were then ap-
plied to the average of four biological replicates for both data
sets. Finally, proteins that qualified these cut-off values in
respective data sets were chosen as significantly altered
ones. A total of 279 and 328 proteins (Supplemental Tables

S1 and S2) were finally screened as significantly altered in the
OE and KD data sets respectively. Out of these, 178 (63.8%)
were up-regulated and 101 (36.2%) were down-regulated for
the OE data set whereas 160 (48.78%) were up-regulated and
168 (51.22%) were down-regulated for the KD data set. Less

FIG. 6. CacyBP has an impact on cell invasion. A, HCT116-CacyBP OE cells showed enhanced invasion as compared with HCT116-
Control cells. B, Decreased cellular invasive nature was observed in SW620-CacyBP KD cells in comparison to SW620-Scr Control cells.
Quantitation values for cell invasion was presented as mean � S.E. (n � 8) based on two independent experiments where * indicates p � 0.05
and *** indicates p � 0.0001 using two tailed unpaired t test.

FIG. 7. Determination of experimental variation using all the identified proteins (Unused score > 1. 3) common in both biological
replicates: The horizontal axis represents % variation of iTRAQ ratios of same protein from different biological replicate samples from 1. The
primary vertical axis represents the corresponding number of proteins (bars) having different % variation. The secondary vertical axis
represents the cumulative % of the counted proteins (lines). Variation against 88% coverage of population was considered for selecting cut-off.
A, Corresponds to CacyBP-OE data set and B, Corresponds to CacyBP-KD data set.
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than 15% of these proteins correspond to a single peptide
match (supplemental Figs. S2 and S3, supplemental Tables
S3 and S4).

Gene Ontology Study for the Significantly Altered Pro-
teins—Gene Ontology studies using Ingenuity Pathway Anal-
ysis software classified the significantly altered proteins as
per their biological functions (Table I and II) as well as ranked
them as per their involvement in certain canonical pathways
(Fig. 8; supplemental Fig. S1). Interestingly, integrin signaling
together with caveolar mediated endocytosis were identified
among the top hit list on CacyBP-OE. All integrin subunits
associated with this pathway were found to be up-regulated.
This phenomenon can be looked on as an enhanced endo-
cytosis of integrins leading to increased cell migration (15, 17).
Actin nucleation by ARP-WASP complex, which is known to
promote cell migration, was also identified as one of the
topmost pathways regulated on CacyBP-OE (13, 14).

Relevance of iTRAQ Data Set Proteins with CRC Metasta-
sis—To investigate CacyBP’s role in the molecular events of

CRC metastasis, we performed iTRAQ based proteomics
analysis on whole cell lysate from CacyBP overexpressed and
knocked down cells. Significantly altered proteins from both
data sets (OE data set and KD data set) were classified based
on their biological function as well as involvement in important
canonical pathways.

Proteins from the CacyBP-OE-iTRAQ Data Set Explain
CacyBP’s Involvement in CRC Metastasis–

Proteins Involved in Cell Proliferation—Overexpression of
CacyBP on primary CRC cell line HCT116 caused up-regula-
tion of proteins that inhibit cellular proliferation process and
down-regulation of proteins that favor cell proliferation (Table
I). For example, STAT1 (83 kDa protein) (22) was up-regulated
whereas Frataxin (FXN) (23) was down-regulated interpreting
an overall decrease in cellular proliferation rate, which is in
conformity with the crystal violet assay results.

Proteins Involved in Cell Migration—An overall increase in
cell migration ability was observed after CacyBP overexpres-
sion on HCT116 cells as compared with the corresponding

TABLE I
Functional classification of the significantly altered proteins from CacyBP-OE data set. These proteins have met the criteria (i.e., unused protein
score � 1.3 and change in expression level of at least 1.44-fold for HCT116-CacyBP OE vs. HCT116-Control cell) as defined in the “materials

and method” as well as “results” section

Unused Protein
score

% Sequence
Coverage Accession Number Name Species Peptides

(95%)
Expression

pattern
iTRAQ Ratio
(Mean� S.E.)

Proteins involved in cellular proliferation
4.31 45.2 IPI00946824.1 FXN Uncharacterized protein 9606 2 2 0.43 � 0.05
12.51 22.1 IPI00795482.1 STAT1 83 kDa protein 9606 8 1 2.44 � 0.32

Proteins involved in cell Migration
23.1 17.1 IPI00215995.1 Isoform 1 of Integrin alpha-3 9606 18 1 1.49 � 0.18
14.86 23.9 IPI00921401.1 Isoform 9 of Integrin alpha-6 9606 11 1 2.56 � 0.04
10.99 24 IPI00555991.2 Isoform 2 of Integrin alpha-V 9606 9 1 1.89 � 0.15
48.23 35.1 IPI00220847.2 Isoform Beta-4D of Integrin beta-4 9606 34 1 1.47 � 0.03
10 37.8 IPI00719669.4 Myosin regulatory light chain

MRCL2
9606 5 1 1.52 � 0.1

4.07 41.6 IPI00032313.1 S100A4 Protein 9606 2 1 2.63 � 0.2
12 73.2 IPI00297714.2 Gamma-synuclein 9606 9 1 2.32 � 0.08
12.51 22.1 IPI00795482.1 STAT1 83 kDa protein 9606 8 1 2.45 � 0.32
4 15.4 IPI00219301.7 Myristoylated alanine-rich C-kinase

substrate
9606 2 1 43.71 � 21.65

22.22 76.3 IPI00219219.3 Galectin-1 9606 33 2 0.62 � 0.01
Proteins involved in cellular invasion

4 5.8 IPI01014165.1 COL18A1 Uncharacterized protein 9606 2 1 1.83 � 0.04
10.99 24 IPI00555991.2 Isoform 2 of Integrin alpha-V 9606 9 1 1.89 � 0.15
48.23 35.1 IPI00220847.2 Isoform Beta-4D of Integrin beta-4 9606 34 1 1.47 � 0.03
4 15.4 IPI00219301.7 Myristoylated alanine-rich C-kinase

substrate
9606 2 1 43.71 � 21.65

16.4 49.1 IPI00647915.1 TAGLN2 24 kDa protein 9606 13 1 1.73 � 0.10
6.11 55.3 IPI01021488.1 CBX5, 22 kDa protein 9606 5 2 0.54 � 0.1

Proteins engaged in cellular adhesion
12.14 25.6 IPI00395605.4 ARHGEF1 Isoform 3 of Rho guanine

nucleotide exchange factor 1
9606 7 2 0.65 � 0.07

11.89 29.5 IPI00301058.5 VASP Vasodilator-stimulated
phosphoprotein

9606 11 2 0.59 � 0.02

Proteins involved in caveolar mediated endocytosis
23.1 17.1 IPI00215995.1 Isoform 1 of Integrin alpha-3 9606 18 1 1.49 � 0.18
14.86 23.9 IPI00921401.1 Isoform 9 of Integrin alpha-6 9606 11 1 2.56 � 0.04
10.99 24 IPI00555991.2 Isoform 2 of Integrin alpha-V 9606 9 1 1.89 � 0.15
48.23 35.1 IPI00220847.2 Isoform Beta-4D of Integrin beta-4 9606 34 1 1.47 � 0.03

Proteins involved in ARP-WASP mediated actin nucleation
23.1 17.1 IPI00215995.1 Isoform 1 of Integrin alpha-3 9606 18 1 1.49 � 0.18
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control cells. This phenomenon can be explained by the dif-
ferential expression pattern of certain proteins involved in cell
migration (Table I). Up-regulation of migration facilitators such
as Isoform 1 of Integrin alpha-3, Isoform 9 of Integrin alpha-6,
Isoform 2 of Integrin alpha-V, Isoform Beta-4D of Integrin
beta-4, Myosin regulatory light chain, S100A4 Protein, Gam-
ma-synuclein, STAT1 protein, and MARCKS (17, 24–28) as
well as down-regulation of migration inhibitors such Galec-
tin-1 (29, 30) was observed in the OE iTRAQ data set.

Proteins Involved in Cell Invasion—Primary CRC cell
HCT116 became more metastatic and hence more invasive in
nature when CacyBP was overexpressed (as shown in the
invasion assay). This finding is in conformity with the iTRAQ
data set as we found up-regulation of proteins that have a
positive impact on cellular invasion whereas down-regulation
of proteins that inhibit invasion process (Table I). For example,
COL18A1 protein, Isoform 2 of Integrin alpha-V, Isoform
Beta-4D of Integrin beta-4, MARCKS, or Myristoylated ala-
nine-rich protein kinase C substrate and transgelin (31–35)
were found to be up-regulated. On the other hand, down-
regulation of CBX5 22 kDa (36) protein was observed repre-
senting an overall increase in the invasive nature of the cells.

Proteins Involved in Cell Adhesion—Reduction in cellular
adhesion characteristics on CacyBP overexpression can be
correlated with the down-regulation of proteins that facilitate
cellular adhesion (Table I) such as Isoform 3 of Rho guanine
nucleotide exchange factor 1 and vasodilator stimulated
phosphoprotein (37, 38).

Topmost Canonical Pathways Regulated on CacyBP Over-
expression—Integrin Signaling, Caveolar Mediated Endocyto-
sis and Actin Nucleation—Integrin signaling and caveolar me-

diated endocytosis were identified as regulated pathways
among the top hits in our gene ontology analysis (Ingenuity
Pathway Analysis or IPA). The proteins involved in this net-
work were Isoform 1 of Integrin alpha-3, Isoform 9 of Integrin
alpha-6, Isoform 2 of Integrin alpha-V, and Isoform Beta-4D of
Integrin beta-4 all of which were up-regulated in OE-iTRAQ
data set. This result showed a high possibility of increased
integrin internalization via caveolar mediated endocytosis,
which resulted in the ultimate increase in cell migration (15–
17) caused on CacyBP overexpression (Table I). More pro-
teins associated with this event were found to be differentially
expressed in both of our iTRAQ data sets and are discussed
in detail in the discussion section.

Actin nucleation by ARP-WASP complex was found to be
another pathway among the hit-list and Isoform 1 of Integrin
alpha-3 (up-regulated in the OE data set; Table I) was found to
be associated with this pathway.

Proteins from the KD-iTRAQ Data Set Explain CacyBP’s
Involvement in CRC Metastasis–

Proteins Involved in Cell Proliferation—The iTRAQ data set
for CacyBP-KD showed overexpression of certain proteins
(Table II) that were known to promote cell proliferation. These
were Fos-related antigen 1 and S100A11 (39, 40), which
concluded an overall increase in cell proliferation rate. Results
from crystal violet assay for the measurement of cell prolifer-
ation also complied with this finding.

Proteins Involved in Cellular Assembly and Organization—
Proteins involved in focal adhesion as well as maturation of
intercellular junction were found to be differentially expressed
on CacyBP knock-down in SW620 cells showing an overall
effect of enhanced cellular adhesion (Table II). PAK4 or Iso-

FIG. 8. Ingenuity Pathway Analysis for significantly altered proteins from CacyBP-OE data set. Top 6 cannonical pathways to which the
significantly altered proteins are associated with (Diagram redrawn based on original output file shown in supplemental Fig. S1). Integrin
signaling, caveolar mediated endocytotic signaling and actin nucleation via ARP-WASP complex were highlighted.
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form 1 of Serine/threonine-protein kinase PAK 4 was down-
regulated in our data set explaining a more stable morphology
because overexpression of this protein is related to epithelial
messenchymal transition (41). On the other hand, proteins
improving focal adhesion such as CIB1 or Calcium and integ-
rin-binding protein 1 (42, 43) was up-regulated whereas RTKN
or Isoform 1 of Rhotekin (44) was down-regulated providing a
resultant outcome of improved cellular adhesion. Adhesion
assay performed on SW620-CacyBP KD and SW620-Scr
Control cells showed similar effect.

Proteins involved in cytoskeleton organization were also
differentially expressed reflecting a more stable cellular back-
bone after CacyBP knock-down compared with the corre-
sponding scrambled control cell line (Table II). Actin capping
protein GAP43 neuromodulin isoform 1 (45) and microtubule
dynamics controlling protein MAP4 or Isoform 1 of Microtu-
bule-associated protein 4 (46) were found to be up-regulated
in the KD iTRAQ data set which interprets differences in
cytoskeleton organization from wild type metastatic cells.
Moreover, LASP1 or Isoform 1 of LIM and SH3 domain protein
1 (47) was up-regulated in our data set and was found to be
down-regulated in our previous iTRAQ study (1) when pri-
mary (SW480) versus metastatic (SW620) CRC whole cell
proteome were compared. This created evidence in support
of the reduced metastatic nature of SW620 cells on CacyBP
knock-down.

Proteins Involved in Integrin Internalization and Calcium Sig-
naling—Thorough screening of the KD iTRAQ data set picked
up proteins related to integrin endocytosis (Table II). The
expression trend of these proteins on CacyBP knock-down
interpreted an effect opposite to that observed in the OE
iTRAQ data set. Calpain-1 (48) and kinesin KIF4A (15–17)
were down-regulated showing an overall reduction in integrin

internalization and hence reduced migration of cells. Cal-
pain-1 is a protease that is activated by intracellular calcium
influx and dissociate integrins from focal adhesion complex
(48). As per the data from our intracellular calcium level meas-
urement, CacyBP-KD cells had a lower intracellular calcium
level that might lead to calpain inactivation. On the other hand
calcium homeostasis maintaining protein VDAC-1 was down-
regulated suggesting one of the reasons behind the lower
intracellular calcium (49). Additionally, isoform 2 of clathrin
heavy chain 1(iTRAQ ratio 0.69) was down-regulated as ver-
ified by Western blot analysis although this protein did not
appear in the screened list of differentially expressed proteins.
This represents reduced endocytosis of integrins because
clathrin is known to mediate endocytosis (16).

Validation of iTRAQ Data Set Proteins—Three proteins
identified in the OE data set and five proteins identified in the
KD data set were validated for their differential expression
pattern using Western blot in all the biological replicates (two
in each cell line) used for iTRAQ labeling. Annexin A2 and
nucleolin were found to be down-regulated whereas
MARCKS was up-regulated in CacyBP-OE cells compared
with the control (Fig. 9A). This finding is in conformity with the
iTRAQ results. Similarly, in CacyBP- KD cells, clathrin, kinesin,
calpain, and VDAC-1 were found to be down-regulated
whereas nucleolin was up-regulated compared with the cor-
responding control cell line, maintaining consistency with the
iTRAQ data (Fig. 9B). Expression trend for low abundant
protein such as MARCKS (2 peptide match) complied with the
iTRAQ studies, which enhanced the reliability for the accuracy
of both techniques.

Intracellular Calcium Level Measurement—Measurement of
intracellular calcium abundance through the confocal micro-
scopic method (Fluo 3AM staining showed in green channel)

TABLE II
Functional classification of the significantly altered proteins from CacyBP-KD dataset. These proteins have met the criteria (i.e. unused protein
score � 1.3 and change in expression level of at least 1.57 fold for SW620-CacyBP KD vs. SW620-Scr Control cell) as defined in the “materials

and method” as well as “results” section

Unused Protein
score

% Sequence
Coverage Accession Number Name Species Peptides

(95%)
Expression

pattern
iTRAQ Ratio
(Mean� S.E.)

Proteins involved in Cell proliferation
4 30.6 IPI00011590.1 Fos-related antigen 1 9606 2 1 2.07 � 0.25
2 9.5 IPI00013895.1 S100A11 Protein 9606 1 1 1.72 � 0.16

Proteins involved in focal adhesion
2.26 37.7 IPI00018451.6 Calcium and integrin-binding protein 1 9606 1 1 1.70 � 0.11
6 17.8 IPI00029834.3 Isoform 1 of Rhotekin 9606 3 2 0.31 � 0.04
4.01 13.4 IPI00014068.1 Isoform 1 of Serine/threonine-protein

kinase PAK 4
9606 3 2 0.62 � 0.07

Proteins involved in cytoskeleton organization
6 60.6 IPI00791316.1 Neuromodulin isoform 1 9606 3 1 2.63 � 0.25
97.37 68.8 IPI00396171.4 Isoform 1 of Microtubule-associated

protein 4
9606 74 1 1.63 � 0.05

27.5 58.2 IPI00000861.1 Isoform 1 of LIM and SH3 domain
protein 1

9606 36 1 1.60 � 0.04

Proteins involved in integrin internalization
11.39 23.5 IPI00011285.1 Calpain-1 catalytic subunit 9606 7 2 0.61 � 0.07
8.89 25.9 IPI00556059.1 Isoform 2 of Chromosome-associated

kinesin KIF4A
9606 6 2 0.37 � 0.05
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showed higher abundance in metastatic SW620 cells when
compared with primary HCT116 and SW480 (Fig. 10A). Com-
parison of intracellular calcium levels between two primary
cell lines (HCT116 and SW480) did not show any significant
differences. Comparison was performed between HCT116-
CacyBP OE and HCT116-Control cells as well as SW620-
CacyBP KD and SW620-Scr Control cells. Overexpressed
cells showed an increase in intracellular calcium level whereas
knockdown of CacyBP resulted in a reduction in intracellular
calcium level (Fig. 10B). Two-tailed unpaired t test was used
to calculate statistical significance for the quantitation (fluo-
rescencent intensity: area) between OE/KD cells versus con-
trol cells and one-way analysis of variance method was used
to compare between HCT116, SW480, and SW620 cells.
The p value for quantitation against intracellular calcium
staining was 0.003 for OE set and �0.0001 for KD set
whereas the p value for quantitation for HCT116 versus
SW620 and SW480 versus SW620 was �0.05. All calcula-
tions were performed based on 20 observations from two
independent experiments.

DISCUSSION

CacyBP is a comparatively new protein candidate in oncol-
ogy research. Though several studies have indicated its role in
cell proliferation, tumorigenicity, and invasion for specific can-
cer subtypes (8), yet the underlying mechanisms involved in
metastasis are not well understood. Some authors opine that
CacyBP/SIP binds to Siah-1 and Skp 1 (components of ubiq-
uitin ligase) to degrade �-Catenin (5), which is known for its
capability to regulate many oncogenic signaling networks
(50–52). Even then, the precise pathological role of CacyBP
particularly in cancer metastasis remains unknown. We were
the first to propose its contribution in CRC metastasis as
observed through proteomics based experimentation (1) that

subsequently lead us to investigate the detailed mechanisms
as described here.

Considering that CacyBP might play a pivotal role in CRC
metastasis, we performed overexpression and knock-down of
the protein in (CRC) cells of different metastatic potential to
confirm its complementary outcome. Two nonisogenic cell
lines (Primary HCT116 and metastatic SW620) were used to
perform these gene knock-in and knock-down experiments
respectively, to normalize the heterogeneity exhibited by clin-
ical CRC. Because cellular CacyBP level is enhanced in me-
tastasis as confirmed from our previous study on metastatic
and primary cells, we hypothesized that forced CacyBP ex-
pression in primary cells might develop metastatic pheno-
types whereas reduced CacyBP levels might decrease the
metastatic potential of a highly metastatic cell. Our experi-
ments for cell migration, invasion, adhesion, and proliferation
assays on the modified cells confirmed this hypothesis. Es-
pecially, overexpression of CacyBP on primary CRC cell,
significantly increased its metastatic nature (Figs. 3 to 6). To
further investigate the underlying molecular mechanisms we
performed proteomics-based experiments on the overex-
pressed (OE) and knocked down (KD) cells. Two individual
4-plex iTRAQ experiments were carried out from the whole
cell lysate of OE and KD cells and the comparison was per-
formed against the corresponding control cells.

Proteomics data from both the data sets revealed differen-
tially expressed proteins that are associated with different
cellular processes relevant to metastasis. For instance, ex-
pression patterns of proteins identified in the OE set complied
with our findings about the decreased cellular proliferation
rate and adhesion characteristics as well as increased cellular
migration and invasive nature on CacyBP overexpression.
Decreased proliferation is known to be coupled with meta-
static nature because epithelial messenchymal transition

FIG. 9. Validation of iTRAQ results. A, Western-blot studies to validate differential expression pattern of 3 candidate proteins from OE data
set: Annexin A2 and nucleolin were down-regulated whereas MARCKS was up-regulated in CacyBP- OE cells compared with the control cells
which were in conformity with the iTRAQ results. B, Western blot validation of 5 candidate proteins from KD data set: clathrin, kinesin, calpain
and VDAC-1 were found to be down-regulated whereas nucleolin was up-regulated. Actin was used as a loading control in both the cases.
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(EMT, one of the important phenomenon that happens during
metastasis), is known to incorporate stem cell properties into
cancer cells (53, 54). Similarly reduction in cell adhesion is
also an inherent part of EMT caused by the down-regulation
of cell adhesion molecules (55). Migration and invasion are
required to be enhanced with increased metastatic potential
to facilitate the journey of the cell through vascular path (56).
However all these phenomena overlap and complement each
other to turn out a successful metastasis. Gene ontology
analysis with the differentially expressed protein list from the
CacyBP-OE-iTRAQ data set (using Ingenuity Pathway Analy-
sis software) identified networks associated with enhanced
cell migration. Integrin signaling, caveolar mediated endocy-
tosis and actin nucleation by ARP-WASP complex were iden-
tified among the top hits. The first two phenomena can be
looked on as an enhanced integrin endocytosis following
CacyBP overexpression. As per reported literature, integrin
endocytosis is associated with their dissociation from the
focal adhesion complex at the rear end followed by their

internalization leading to two alternative fates (15): either they
are transported back to the plasma membrane of the leading
edge of the cell body or routed for lysosomal degradation (16).
Transportation of integrins to the leading edges of the cell
body provides the traction force for movement and thereby
increases the cell motility (17). We found that all integrin
subunits identified in our OE data set were up-regulated indi-
cating their gathering at the leading edge that makes the cell
more motile. The later one i.e. actin nucleation via ARP-WASP
complex can be linked to cell protrusion formation that facil-
itates cell migration. Actin polymerization inducing protein
WASP and protrusion formation protein Arp2/3 is directly
associated with actin polymerization/de-polymerization cycle,
which promotes cell migration (13, 14). From our CacyBP-OE-
iTRAQ data set, up-regulation of integrin isoforms alpha-3
was found to be coupled with this phenomenon.

Simultaneously, mining of proteomics data from the KD set
interpreted an overall reduction in metastatic characters as
observed from expression patterns of proteins related to focal

FIG. 10. Intracellular Ca2� level in normal and genetically modified CRC cells. A, Fluorescent image showing enhanced intracellular Ca2�

level in metastatic SW620 cells compared with primary HCT116 and SW480 cells. Statistical significance was calculated using one way
analysis of variance method. B, Fluorescent image showing enhanced intracellular Ca2� level in HCT116-CacyBP OE cells compared with
HCT116-Control cells and reduced intracellular Ca2� level in SW620-CacyBP KD cells as compared with SW620-Scr Control cells. Green
channel indicates Fluo 3AM staining for intracellular calcium. Statistical significance was calculated using two tailed unpaired t test.
Quantitation values for fluorescent intensity/area (mm2) were represented as mean � S.E. (n � 20) based on two independent experiments
where ns indicates not significant, * indicates p � 0.05, ** indicates p � 0.001 and *** indicates p � 0.0001.
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adhesion, cytoskeleton organization, and cellular proliferation.
Up-regulation of proteins positively affecting cell proliferation
and adhesion interpreted an increase in both whereas altered
expression of several actin cytoskeleton associated proteins
justified the site specific alteration in actin dynamics in a
moving cell (57). Altogether, these effects represented an
overall suppression in metastatic behavior and were in con-
formity with the results obtained from phenotypic assays.
Although gene ontology analysis did not identify the integrin
endocytosis process in its hit list, proteins that are essential
for integrin internalization were found to be down-regulated
on CacyBP knock-down. These include Clathrin heavy chain
1 (16), kinesin KIF4A, and Calpain-1 (15). Each of these pro-
teins takes part in focal adhesion disassembly and integrin
endocytosis and hence their down-regulation indicated an
overall decrease in this process leading to reduced cell mo-
tility. Western blot validation further confirmed the differential
expression pattern of these proteins (Fig. 9B). At the same
time, up-regulation of Kinectin (although not appeared in the
screened list of differentially expressed protein it possesses a
high iTRAQ ratio 1.37), an integral member of focal adhesion
and actin cytoskeletal assembly (58), implied intensified ad-
herent junctions, further supporting the finding about reduc-
tion in cell motility on CacyBP knock-down.

On the other hand, integrin mediated cell migration is
known to be affected by intracellular calcium (19, 48), which
directed us to investigate the intracellular calcium levels in

wild type and modified CRC cells. We found enhanced Ca2�

flux in metastatic SW620 compared with primary HCT116 and
SW480 cells (Fig. 10A), which is in conformity with the earlier
reports (18). Additionally, intracellular calcium level was in-
creased on CacyBP overexpression whereas knock-down of
CacyBP showed a reduced Ca2� flux (Fig. 10B). This finding
can be explained from our proteomics data as calcium home-
ostasis maintaining protein VDAC-1 (Voltage-dependent an-
ion-selective channel protein 1) was down-regulated on
CacyBP-KD (49). On the other hand, the protease calpain that
breaks the linkage between integrin and actin cytoskeleton is
known to be activated by intracellular calcium (Ca2�) flux (48).
Therefore the reduced intracellular calcium level in
CacyBP-KD cells might cause calpain inactivation, ultimately
leading to impaired integrin trafficking followed by reduced
cell migration.

In conclusion, this study demonstrated that changes in
cellular expression level of CacyBP provide an impact on
metastatic potential of CRC as confirmed from overall pro-
teome signatures of both proteomics studies (Fig. 11). More-
over integrin signaling mediated cell migration was found to
be the most highlighted phenomenon to be enhanced on
CacyBP-OE and reduced on CacyBP-KD which lead us to
conclude that CacyBP mediated cell migration is largely af-
fected via integrin endocytosis in CRC. ARP-WASP mediated
actin nucleation was found to be another important phenom-
enon as validated from both proteomics data sets. We also

FIG. 11. Summarizing overall findings from CacyBP-OE and CacyBP-KD iTARQ data sets. Proteins indicated in red ink represents
up-regulation and those in green ink represents down-regulation. CacyBP-OE was shown to enhance overall metastatic signature whereas
CayBP-KD was shown to inhibit it.
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found a plausible role of intracellular Ca2� flux in this process.
This is the first study to shed light on the underlying mecha-
nisms of CRC metastasis induced by CacyBP thereby open-
ing up a new door for the diagnostic as well as therapeutic
innovation of CRC metastasis. In the future CacyBP may be
developed as a potentially useful diagnostic marker for CRC
metastasis or it could be a target for the development of drugs
to prevent or treat metastasis, which requires further valida-
tion on clinical background.

□S This article contains supplemental Figs. S1 to S3 and Tables
S1–S4, and S9–S10. Tables S5–S8 are not available online.
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